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a  b  s  t  r  a  c  t
Food base  excess  (BE,  mEq/kg)  can  be  calculated  from  the  diet  macroelements,  together
with  either  the  sulfur  amino  acids  methionine  and  cysteine  (BEaa)  or total  sulfur  (BEs) con-
centrations.  The  present  study  compared  the  use  of sulfur  or methionine  and  cysteine  for
calculating  the  food  BE  (experiment  1) and  investigated  the  inﬂuence  of  food  BE  on  blood
gas analysis  and  the  urine  pH  of  cats,  and  proposes  a prediction  equation  to estimate  the
urine  pH of  cats  fed  kibble  diets  based  on  the  calculated  food  BE  (experiments  2  and  3).
In experiment  1, nine  healthy,  adult  cats were  used  in  a change-over  design  and  fed with
nine  commercial  dry cat  foods.  The  cats  were  housed  in  metabolism  cages  over seven  days
for adaptation  and  three  days  for total  urine  collection.  All  of  the  urine  produced  over  24 h
was pooled  by  cat  and  diet. The  cats’  acid–base  status  was  assessed  through  blood  gas anal-
ysis after  10  days  of diet  consumption.  A  mean  difference  of  −115  mEq/kg  between  BEs
and  BEaa was  observed,  which  could  be  explained  by  a greater  concentration  of  sulfur  in
the  whole  diet  than  in methionine  and  cysteine.  Urine  pH  presented  a stronger  correlation
with  food  BEs (R2 =  0.95;  P<0.001)  than  with  food  BEaa (R2 =  0.86;  P<0.001).  Experiment  2
included  30  kibble  diets,  and  each  diet  was  tested  in six  cats.  The  food  BEs varied  between
−180  and  +307  mEq/kg,  and  the urine  pH  of the  cats  varied  between  5.60  and  7.74.  A sig-
niﬁcant  correlation  was  found  between  the  measured  urine  pH  and the food  BEs  (urinary
pH =  6.269  +  [0.0036  × BEs]  +  [0.000003  × BEs2]; R2 = 0.91;  P<0.001).  In  experiment  3, eight
kibble  diets  were  tested  (food  BEs between  −187 mEq/kg  and  +381  mEq/kg)  to  validate  the
equation  proposed  in experiment  2  and  to compare  the  obtained  results  with  previously
published  formulae.  The  results  of the  proposed  formula  presented  a  high  concordance
correlation  coefﬁcient  (0.942)  and  high  accuracy  (0.979)  with  the  measured  values, and
the estimates  of  urine  pH  did  not  differ  from  the  values  obtained  in  cats (P>0.05).  The  cats’
venous blood  pH,  bicarbonate,  and  blood  BE  were  correlated  with  food  BEs (P<0.001);  the
consumption  of  diets  with  low  food  BEs induced  a reduction  in these  parameters.  In conclu-
sion, food  macroelement  composition  has  a strong  inﬂuence  on  cats’  acid–base  equilibrium
and  food  BEs calculation  is a useful  tool  to formulate  and  balance  kibble  diets  for  felines.
© 2013 Elsevier B.V. All rights reserved.Abbreviations: AHF, acid-hydrolyzed fat; BE, base excess; BEs, base excess calculated with sulfur; BEaa, base excess calculated with sulfur amino acids;
AE,  mean absolute error; NFE, nitrogen-free extract; RMSE, root mean square errors.
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1. Introduction
The macroelement composition of a diet, speciﬁcally the relationship between cations and anions, is correlated with the
urine pH of cats (Markwell et al., 1998; Wagner et al., 2006). These changes in urine pH are in fact due to the impact of
the cation and anion equilibrium on the acid–base status of the animals (Cohen and Hurwitz, 1974; Block, 1984; Pizzorno
et al., 2009), which are aspects that have been less often studied in cats. Hydrogen or bicarbonate excretion by the kidneys
is altered in an attempt to maintain the blood pH, with consequent changes in urine pH (Riond, 2001).
Considering the strong inﬂuence of urine pH on certain types of urolith formation, there has been an interest in developing
prediction formulas to estimate urine pH based on the macroelement and amino acid composition of diets (Kienzle et al.,
1991; Allen and Kruger, 2000; Zentek and Schulz, 2004). A practical tool for predicting the effect of food on urine pH is the
food base excess (BE) calculation. Food BE (mEq/kg) can be calculated either from macroelements (Ca, P, S, Cl, K, Na, and
Mg)  or by using sulfur amino acids (Ca, P, Cl, K, Na, Mg,  methionine and cysteine) instead of total sulfur. Food that presents
a relative predominance of cations has a positive food BE and promotes alkaline urine formation, whereas the opposite
occurs in foods with a relative predominance of anions (Kienzle and Wilms-Eilers, 1994). However, some controversy exists
regarding the accuracy and validity of these estimations (Yamka et al., 2006).
These calculations, if reliable, could reduce animal testing and the cost of food development, and they could also increase
the safety of prepared food, allowing for the optimization of urine pH through diet. Such methods could also help to determine
the optimal pH equilibrium for the prevention of struvite and oxalate, which form the most common uroliths in felines
(Forrester and Roudebush, 2007). Thus, the present study evaluated the use of sulfur or methionine and cysteine for food BE
calculation as well as the inﬂuence of food BE on blood gas analysis and urine pH.
2. Material and methods
This study included three experiments. The ﬁrst compared the use of total sulfur or sulfur amino acids (methionine and
cysteine) dietary concentrations to estimate food BE, the second analyzed a database composed of 30 kibbled cat diets to
develop a formula to estimate cats’ urine pH from macroelement composition of the diet, and the third experiment aimed
to validate the formulae obtained in experiment 2 for estimating the urine pH. All of the experimental procedures were
approved by the Ethics Committee on the Use of Animals of the College of Agricultural and Veterinarian Sciences (São Paulo
State University, Jaboticabal, Brazil).
2.1. Animals
All of the animals used in this study belonged to the cat colony of the Laboratory of Research on Nutrition and Nutri-
tional Diseases of Dogs and Cats, São Paulo State University, Jaboticabal, Brazil. The health of the cats was assessed prior to
the beginning of the study, with the cats submitted to clinical and hematologic examinations, urinalysis, and biochemical
serum proﬁles (urea, creatinine, total plasma protein, albumin, alkaline phosphatase and alanine aminotransferase). Speciﬁc
commercial kits were used for these measurements (Labtest Diagnóstica S.A., Lagoa Santa, Brazil).
2.2. Experiment 1
This experiment evaluated the use of total sulfur or methionine and cysteine contents for food BE calculation and the
inﬂuence of food BE on blood gas analysis and the urine pH of cats. Nine healthy, mixed-breed cats, 5.0 ± 1.2 years old
(mean ± standard deviation) and with 4.3 ± 0.5 kg of body weight, and nine commercial dry cat foods were used. Dietary
composition is shown in Table 1 and represents the typical range of foods marketed in Brazil. Foods with high, intermediate,
and low energy contents were selected. The metabolizable energy content of diets was  estimated based on its chemical
composition, according to Nutrient Requirement of Dogs and Cats (NRC, 2006) published formula. The experiment followed
a 9 × 9 change-over design, with nine diets, nine periods, and nine replications per diet (cats). Each testing period lasted
10 d. During each period, the cats’ urine pH, volume, and speciﬁc gravity and blood gas analyses were evaluated.
2.3. Experiment 2
The aim of this experiment was to propose a prediction equation to estimate the urine pH of cats fed kibble diets based
on the calculated food BE. Fifteen commercial dry cat foods and 15 extruded experimental cat foods (formulated according
to AAFCO [2008] guidelines) were used (Table 2). These diets were tested over a period of two  years due to the companies’
demands or experimental purposes. Each food was  tested over a period of at least 10 days and was  fed to six cats. During
each period, the cats’ urine pH, volume, and speciﬁc gravity were evaluated.2.4. Experiment 3
The objectives of this experiment were to validate the equation proposed in experiment 2 and to compare the obtained
results with previously published formulae for estimating the urine pH of cats based on food macroelement composition. To
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Table 1
Analyzed chemical composition of the nine commercial dry diets for cats used in the experiment 1.
Itema Diets
1 2 3 4 5 6 7 8 9
Dry matter basis (g/kg)
Crude protein 338 362 332 316 358 343 255 310 255
Fat  122 142 160 115 140 117 99 10.3 90
NFEb 377 344 311 420 316 356 474 415 458
Crude  ﬁber 35 28 67 21 30 32 33 42 518
Ash  70 61 66 67 68 73 77 88 75
Calcium 11.2 8.5 12.2 9.0 12.5 14.2 16.7 19.0 15.2
Phosphorus 13.0 11.4 9.2 9.5 10.8 12.0 13.9 13.5 10.9
Magnesium 1.2 1.4 0.9 0.8 1.0 1.3 1.9 1.9 1.5
Sodium  2.4 3.7 4.1 6.7 4.1 3.5 2.1 2.9 3.6
Potassium 6.6 7.1 6.4 7.8 5.9 7.1 6.1 6.3 6.9
Chlorine 2.1 3.3 4.4 5.7 3.4 3.2 2.8 3.0 3.8
Sulfur  4.3 3.3 5.3 2.9 2.5 3.4 2.1 3.1 2.0
Methionine 8.7 5.5 5.6 4.6 4.4 4.4 3.1 4.5 3.2
Cysteine 1.2 1.5 0.8 1.3 1.3 1.2 1.1 1.9 1.0
mEq/kg of dry matter
BEsc −184.9 −84.3 4.9 54.6 91.7 105.5 183.7 244.1 308.9
BEaad −49.9 26.1 147.4 155.5 170.3 238.8 254.9 345.7 377.3
a Analyzed in duplicate under a coefﬁcient of variation below 5%.
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c BES = food base excess calculated with total sulfur.
d BEaa = food base excess calculated with methionine and cysteine.
eet these objectives, 48 healthy, mixed-breed cats, 6.0 ± 1.2 (mean ± standard deviation) years old and with 3.8 ± 0.7 kg of
ody weight, were fed with eight diets formulated according to the European Pet Food Industry Federation (FEDIAF, 2008)
uidelines for adult cats’ maintenance. Prior to formulation, all of the ingredients were analyzed for Ca, P, Mg,  K, Cl, Na,
nd S. From the results obtained, a control diet was  formulated to contain a BEs of approximately 350 mEq/kg (ingredients:
oultry by-product meal, 300 g/kg; broken rice, 150 g/kg; maize, 239.3 g/kg; maize gluten meal, 160 g/kg; chicken fat, 80 g/kg;
ugarcane ﬁber, 50 g/kg; dried brewer’s yeast, 10 g/kg; methionine, 0.6 g/kg; lysine, 0.9 g/kg; taurine, 1.2 g/kg; vitamins
nd minerals, 3 g/kg; and common salt, 5 g/kg;). A commercial mixture of predominantly anionic salts (Equilibrium 3D,
PF do Brasil, Descalvado, Brazil: sodium bisulfate, ammonium chloride, sodium chloride, methionine, monobasic sodium
hosphate, and ammonium sulfate; BEs = −12,500 mEq/kg) was  added to the diet during the formulating process, in amounts
ufﬁcient to add −100 mEq/kg, −150 mEq/kg, −200 mEq/kg, −250 mEq/kg, −300 mEq/kg, −350 mEq/kg, and −400 mEq/kg,
espectively, thus generating eight experimental diets. The proportions of the major ingredients remained unchanged. The
hemical composition and BE of the experimental diets are presented in Table 3. Two  production batches were necessary for
he experiment. In the ﬁrst production run, diets 1, 2, 4, 5 and 7 were produced, and in the second production run, diets 3, 5,
able 2
nalyzed chemical composition of the 30 dry diets for cats used in experiment 2. Mean values and range of urine pH, volume and density.
Item Diets (n = 30)
Meana Range
Dry matter basis (g/kg)
Crude protein 307 253–393
Fat 120 87–160
NFE 397 311–474
Crude ﬁber 33 21–67
Ash 74 61–88
Calcium 12.7 7.5–19.0
Phosphorus 11.4 6.3–16.7
Magnesium 1.2 0.6–1.9
Sodium 4.9 2.1–12.8
Potassium 6.9 4.8–9.6
Chlorine 3.4 2.9–11.5
Sulfur 4.1 1.9–6.7
BEs (mEq/kg of DM)b 43.4 −180–+307
Urine
pH 6.47 5.60–7.74
Volume (mL/cat/day) 49 37–60
Density (g/dL) 1.049 1.044–1.058
a Analyzed in duplicate under a coefﬁcient of variation below 5%.
b BES = food base excess calculated with total sulfur.
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Table 3
Analyzed chemical composition of eight experimental dry diets used in the experiment 3 with different food base excess.
Itema Diets
1 2 3 4 5 6 7 8
BES (mEq/kg of DM)b −187 −22 9 115 169 196 248 381
Dry  matter basis (g/kg)
Crude protein 313 320 309 334 326 309 319 316
Fat  126 140 126 140 141 123 143 142
NFEc 412 342 412 351 345 418 365 372
Crude  ﬁber 24 32 29 34 35 28 34 31
Ash  79 96 83 91 93 71 89 89
Calcium 13.1 18.2 13.1 18.2 18.2 13.1 18.3 18.2
Phosphorus 13.1 16.4 11.7 15.7 15.0 10.4 14.5 13.2
Magnesium 1.4 1.2 1.4 1.5 1.4 1.4 1.2 1.2
Sodium  7.5 8.4 6.2 7.9 7.0 5.3 6.7 6.1
Potassium 6.5 6.4 6.5 6.3 6.3 6.8 6.9 6.8
Chlorine 8.3 7.5 5.2 5.8 4.7 2.2 3.6 2.0
Sulfur  5.9 4.6 4.7 3.9 3.5 3.9 3.1 2.5a Analyzed in duplicate under a coefﬁcient of variation below 5%.
b BES = food base excess calculated with total sulfur.
c NFE = nitrogen-free extract.
and 8 were manufactured. Some differences in Ca and P content were observed between these two productions runs, mainly
due to variations in the mineral composition of the poultry by-product meal used. These differences were compensated for
the addition of commercial anionic salt, and the ﬁnal food BE were close to those planned. After mixing all of the ingredients,
the diets were extruded and kibbled in a single screw extruder (Mab 400S, Extrucenter, Monte Alto, Brazil) under identical
processing conditions at the College of Agricultural and Veterinarian Sciences of São Paulo State University.
The experiment followed a randomized block design, with three blocks of 16 cats and eight diets and two  cats per diet
in each block, adding up to six cats per diet. The blocking factor was  the period. Each block period lasted 10 days, and urine
pH, volume, speciﬁc gravity, and blood gas analysis were determined. Based on the analyzed macroelement compositions
of the diets, the predicted urine pH of the cats was calculated using the equation obtained in experiment 2 as well as using
the prediction equations proposed by Kienzle et al. (1991), Kienzle and Wilms-Eilers (1994), and Yamka et al. (2006).
2.5. Determination of urine pH and blood gas analysis
During the experiments, the cats were kept in individual stainless steel metabolic cages (90 × 80 × 90 cm)  equipped with
systems to separate feces and urine. Each period lasted 10 d, with seven days for diet adaptation, followed by three days
for total urine collection. The cats were fed twice per day (08:00 h and 18:00 h). The metabolizable energy of the diets was
estimated from their chemical composition (NRC, 2006), and the amount of food offered was  individually calculated as 544 kJ
ME per kg body weight0.4 (NRC, 2006). The food bowls were removed prior to the next meal, and any remaining food was
weighed and recorded. Distilled water was available ad libitum.
Urine was collected in plastic bottles with the addition of 100 mg  of thymol (Sinthy, LabSinthy, Diadema, São Paulo, Brazil)
and kept in ice under the cage funnel. Urine was collected three times per day and was  stored at 4 ◦C. For each 24 h period,
the urine was pooled according to cat. Immediately after collection, the urine was  ﬁltered, and its volume was measured,
as well as its speciﬁc gravity with a refractometer (Atago, CO T2-NE, Japan) and its pH with a pH meter (Digimed DM20
Digicrom Analítica Limitada, São Paulo, Brazil).
During the collection period, fecal samples were scored according to the following system (De-Oliveira et al., 2008):
1 = watery-liquid that can be poured; 2 = soft, unformed-stool assumes shape of the container; 3 = soft, formed, and moist-
softer stool that retains shape; 4 = hard, formed, dry stool-remains ﬁrm; and 5 = hard, dry pellets – small, hard mass.
Blood gas analysis of venous blood was evaluated after ten days of diet consumption for all of the cats in experiments 1
and 3. At 08:00 h (before feeding) and 15:00 h (six hours after feeding), 0.5 mL  of venous blood was  drawn from the medial
saphenous vein without compression. Before this step, sufﬁcient heparin was  drawn into the syringe to coat the interior of
the syringe barrel and excess air was expelled to leave the syringe ﬁlled with heparin and without air bubbles. The blood was
analyzed immediately after collection, and pH, sodium, potassium, chlorine, partial pressure of carbon dioxide, bicarbonate,
base excess, and osmolality (Omini C Blood Gas Analyzer, Roche Diagnostics, Indianapolis, IN, USA) were determined.
2.6. Chemical analysis and food BE calculationFood samples were ground in a cutting mill (Mod 340, Art Lab, São Paulo, Brazil), ﬁtted with a 1 mm  screen and analyzed
for dry matter (DM) by oven-drying the samples (method 934.01); ash content was  measured by mufﬂe furnace incineration
(method 942.05), crude protein (CP) by the Kjeldahl method (method 954.01), acid-hydrolyzed fat (AHF) using a Soxhlet
apparatus (method 954.02), and crude ﬁber (CF) with the Weende method, as described by the AOAC (1995). Nitrogen-free
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xtract (NFE) was calculated by subtracting the ash, AHF, CP and CF components from DM (NFE = DM-ash-AHF-CP – CF). Min-
rals were analyzed after nitric-perchloric digestion. Phosphorus was measured with a spectrophotometer (Ultrospec 2000
0-2106-00, Pharmacia Biotech, Cambridge, United Kingdom), using the vanadate-molybdate method. Calcium, potassium,
agnesium, chloride and sodium were measured by ﬂame atomic absorption spectrophotometry (GBC-932 AA, Scientiﬁc
quipment PTY LTD, Melbourne, Australia). Finally, sulfur was measured using the turbidimetric method, as described by
he AOAC (1995). The amino acid analysis was performed at Evonik Degussa Industries (Essen, Germany) using ion exchange
hromatography with ninhydrin post-column derivatization, according to the methodology recommended by Commission
irective 98/64/EC. All of the analyses were performed in duplicate, and the coefﬁcient of variation was less than 5% in all
ases.
From the results of the food chemical analysis (g/kg of diet), the food BE was  calculated in two  ways – using all macroele-
ents or using methionine and cysteine instead of sulfur – according to the following formulae:
Food BEs (food base excess calculated with total sulfur, mEq/kg) = (49.9 × Ca) + (82.3 × Mg)  + (43.5 × Na) + (25.6 × K) −
64.6 × P) − (62.4 × S) − (28.2 × Cl); or
Food BEaa (food base excess calculated with sulfur amino acids, mEq/kg) = (49.9 × Ca) + (82.3 × Mg)  + (43.5 × Na) +
25.6 × K) − (64.6 × P) − (13.4 × methionine) − (16.6 × cysteine) − (28.2 × Cl).
.7. Statistical analysis
Data from experiment 1 were analyzed using a 9 × 9 change-over design with nine diets, nine felines (experimental
nits), and nine periods (repetitions per diet). Data from experiment 2 were analyzed in a completely randomized design
ith six cats (repetitions) per diet. Data from experiment 3 were analyzed in a randomized block design, with three blocks
periods), 48 cats, eight treatments (diets) and six repetitions per diet. In experiment 1, when treatment differences were
etected using analysis of variance (P<0.05), a polynomial regression was  used to describe the relation between food BE
nd the urine pH. In experiment 2, a polynomial regression was  used to describe the relation between food BEs and urine
H. In experiment 3, when differences were observed by analysis of variance (P<0.05), the data were analyzed by using a
olynomial regression (P<0.05). The measured and estimated urine pH values from each of the formulae used were compared
y polynomial regression. The means of the estimated and determined urine pH value were also compared for each formula
sing the paired Student’s t-test. The conﬁdence intervals of agreement were determined as the bias (mean difference) ± 1.96
D of the measured and estimated urine pH values by each predictive formula, according to Bland and Altman (1986). Mean
ias was assessed by the difference between the measured and estimated urine pH values by predictive formulas, according
o the averages of the measured and estimated urine pH values by predictive formulas. Additionally, the mean absolute error
nd root mean square errors were calculated for each formula using the equations below:
Mean Absolute Error(MAE) =
n∑
I=1
|PI−OI |
N ;
Root Mean Square Errors(RMSE) =
√√√√√
N∑
I=1
(PI−OI )2
N .
The results of the blood gas analyses in experiments 1 and 3 were combined for statistical interpretation. Data that differed
y analysis of variance (P<0.05) were submitted to polynomial regression considering the food BEs of the experimental diets
P<0.05). All the variables were found to meet the assumptions of ANOVA. Analysis was  performed using SAS statistical
oftware (SAS Institute Inc., Cary, NC, USA, 2003).
. Results
.1. Experiment 1
In experiment 1, the foods differed in mineral and amino acid content, resulting in important differences in nutrient
omposition and macroelement balance (Table 1). Differences in food consumption were observed (P<0.001), reﬂecting
ifferences in both energy content and palatability (Table 4). No vomiting or diarrhea was observed during the trials. The
ecal scores did not change between diets (P>0.05), and all of the cats produced adequate-quality feces.
A mean difference in food BE of −115 mEq/kg was  observed between BEs and BEaa (P<0.001). Food BEs varied between
185 and +309 mEq/kg, whereas BEaa ranged from −49 to +377 mEq/kg (Table 4). Diet affected urine volume (P<0.001) but
ot urine speciﬁc gravity (P>0.05). Urine volume was  correlated with the sodium consumption. A regression equation was
alculated to predict urine production (UP, mL  per kg of body weight per day) from sodium intake (Na, kg/kg of body weight
er day): UP = 9.7 + 94.1 Na − 165.1 Na2; (R2 = 0.65; P<0.01; n = 9).
Urine pH ranged between 5.83 ± 0.092 (diet 1) and 7.74 ± 0.134 (diet 9) and differed among diets (P<0.001).
oth methods for calculating food BE resulted in signiﬁcant correlations with urine pH, but a higher correlation
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Table 4
Dry matter intake, fecal score, food base excess, urine pH, speciﬁc gravity and volume, and blood gas analysis of venous blood in cats fed nine commercial
diets  (experiment 1).
Item Diets SEMa P
1 2 3 4 5 6 7 8 9
Dry matter intake (g/kg BW,  day)b 15.2 18.4 18.6 16.7 18.9 17.6 13.2 18.8 18.2 0.7 <0.001
Fecal  scorec 3.75 3.67 3.71 3.75 3.48 3.49 3.69 3.67 3.36 0.1 0.53
BEsd (mEq/kg) −184.9 −84.3 4.9 54.6 91.7 105.5 183.7 244.1 308.9 – –
BEaae (mEq/kg) −49.9 26.1 147.4 155.5 170.3 238.8 254.9 345.7 377.3 – –
Urine  pH 5.83 6.19 6.59 6.38 6.96 6.92 7.24 7.29 7.74 0.06 <0.001
Urine  speciﬁc gravity (g/dL) 1.056 1.052 1.052 1.047 1.055 1.057 1.052 1.054 1.049 0.003 0.16
Urine  volume (mL/cat/day) 59.0 64.1 59.9 69.4 61.1 57.3 42.2 52.4 52.3 4.80 0.003
Blood  gas analysis of venous blood
Venous pH 8 hf 7.27 7.26 7.30 7.27 7.28 7.28 7.30 7.27 7.32 0.03 0.44
15  hg 7.26 7.25 7.30 7.27 7.29 7.28 7.30 7.30 7.32 0.01 0.005
PCO2 (mmHg) 8 h 39.9 43.3 40.4 42.6 42.6 42.5 42.4 42.4 42.1 1.5 0.66
15  h 38.9 44.2 41.7 43.9 42.4 41.7 42.1 42.1 42.6 1.2 0.09
Na+ (mmol/L) 8 h 153 153 154 151 151 152 157 154 153 1.35 0.21
15  h 151 151 150 151 149 150 153 152 150 4.84 0.35
K+ (mmol/L) 8 h 3.71 3.71 3.64 3.49 3.51 3.69 3.93 4.01 4.02 0.16 0.25
15  h 3.47 3.61 3.46 3.64 3.54 3.59 3.57 3.84 3.63 0.14 0.34
Cl− (mmol/L) 8 h 124 118 122 121 120 117 122 122 120 4.33 0.63
15  h 130 123 122 121 120 123 121 124 119 2.88 0.40
Blood  BE (mmol/L) 8 h −8.12 −7.66 −6.33 −7.61 −7.17 −6.58 −6.21 −6.74 −4.68 0.67 0.025
15  h −9.32 −7.74 −6.03 −7.44 −6.19 −7.04 −6.03 −5.48 −4.54 0.55 <0.001
HCO3− (mmol/L) 8 h 18.2 19.1 19.5 18.9 19.4 19.8 20.1 19.8 21.1 0.65 0.10
15  h 17.1 19.2 20.9 19.3 20.1 19.4 20.1 20.9 21.4 0.54 <0.001
Osmolality
(mOsm/Kg)
8  h 303 302 305 301 300 301 310 305 303 2.49 0.23
15  h 300 300 299 300 295 299 302 304 298 1.74 0.105
a SEM = standard error of the mean (n = 9).
b Grams of dry matter per kilogram of body weight per day.
c 1 = watery-liquid that can be poured; 2 = soft, unformed-stool assumes shape of the container; 3 = soft, formed, and moist-softer stool that retains shape;
4  = hard, formed, dry stool-remains ﬁrm; 5 = hard, dry pellets-small, hard mass.
d BEs = food base excess calculated with sulfur.
e BE = food base excess calculated with methionine and cysteine.aa
f 8 h = blood collected at 08:00 h, before feeding.
g 15 h = blood collected at 15:00 h, 6 h after feeding.
was observed for food BEs (urine pH = 6.472 + 0.0036BEs + 0.000001BEs2; R2 = 0.95; P<0.001) than for food BEaa (urine
pH = 6.033 + 0.0031BEaa + 0.000003BEaa2; R2 = 0.86; P<0.001).
3.2. Experiment 2
In this experiment, only food BEs was used. All of the diets were well eaten, and all of the cats produced adequate-quality
feces (data not shown). The mean analyzed chemical composition of the 30 dry diets and the results of urine pH, volume and
speciﬁc gravity are shown in Table 2. The food BEs varied between −180 and +307 mEq/kg, and the urine pH ranged between
5.60 and 7.74. A signiﬁcant correlation was found between the measured urine pH and food BEs (P<0.001), expressed by the
following equation: Urinary pH = 6.269 + (0.0036 × BEs) + (0.000003 × BEs2) (R2 = 0.91; P<0.001; n = 30; Fig. 1).
Fig. 1. Correlation between food BEs and urine pH obtained on experiment 2: Urinary pH = 6.269 + 0.0036BEs + 0.000003BEs2; R2 = 0.91; P<0.001; n = 30.
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Table 5
Dry matter intake, fecal score, food base excess, urine pH, speciﬁc gravity and volume, and blood gas analysis of venous blood of cats fed eight experimental
diets  in experiment 3.
Item Diets (BEs) SEMa P
1 (−187) 2 (−22) 3 (9) 4 (115) 5 (169) 6 (196) 7 (248) 8 (381)
Dry matter intake (g/kg BW.day)b 15.7 13.44 15.7 12.82 15.23 15.8 14.01 15.85 0.168 0.52
Fecal  scorec 3.56 3.87 4.04 3.68 3.54 3.29 3.93 3.91 0.014 0.46
Urine  pH 5.63 5.83 6.29 6.35 6.65 7.20 7.23 7.89 0.012 <0.0001
Urine  speciﬁc gravity (g/dL) 1.056 1.049 1.051 1.050 1.050 1.051 1.050 1.057 0.0004 0.85
Urine  volume (mL/cat/day) 53.8 41.7 50.4 49.2 40.9 45.4 40.0 49.8 0.605 0.75
Blood  gas analysis of venous blood
Venous pH 8 hd 7.27 7.27 7.2 7.31 7.33 7.28 7.32 7.33 0.001 0.04
15  he 7.27 7.31 7.30 7.35 7.35 7.32 7.34 7.35 0.001 0.04
PCO2 (mmHg) 8 h 33.0 40.0 39.7 38.5 37.6 37.9 41.9 38.9 0.198 0.64
15  h 39.9 39.2 39.4 37.7 39.9 44.8 40.8 38.4 0.131 0.62
Na+ (mmol/L) 8 h 164.5 164.4 164.1 156.6 158.6 161.6 157.4 158.1 0.200 0.18
15  h 160.0 161.3 159.0 161.4 160.0 160.0 161.4 160.2 0.094 0.67
K+ (mmol/L) 8 h 4.5 4.7 4.9 4.6 4.3 4.9 4.4 4.4 0.011 0.25
15  h 4.5 4.7 4.4 4.5 4.4 4.8 4.6 4.5 0.010 0.46
Cl− (mmol/L) 8 h 131.7 128.0 135.5 121.3 123.4 138.2 119.0 120.1 0.216 0.12
15  h 128.7 125.1 128.4 124.5 120.7 135.5 123.1 123.3 0.109 0.06
Blood  BE (mmol/L) 8 h −11.0 −7.4 −7.3 −7.0 −6.0 −6.2 −5.1 −5.9 0.070 0.21
15  h −8.6 −7.0 −7.0 −4.6 −4.2 −6.4 −3.9 −4.6 0.045 0.001
HCO3− (mmol/L) 8 h 15.2 18.6 18.7 18.7 19.3 19.9 20.7 20.8 0.080 0.004
15  h 17.8 18.6 18.8 20.5 21.1 20.2 21.5 21.0 0.048 0.004
Osmolality
(mOsm/Kg)
8  h 324.4 324.3 321.2 309.8 313.5 319.2 311.3 312.6 0.371 0.18
15  h 314.9 318.5 314.1 318.6 316.0 316.0 318.7 316.5 0.175 0.67
a SEM = standard error of the mean (n = 9).
b Grams of dry matter per kilogram of body weight per day.
c 1 = watery-liquid that can be poured; 2 = soft, unformed-stool assumes shape of the container; 3 = soft, formed, and moist-softer stool that retains shape;
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t = hard, formed, dry stool-remains ﬁrm; 5 = hard, dry pellets – small, hard mass.
d 8 h = blood collected at 08:00 h, before feeding.
e 15 h = blood collected at 15:00 h, 6 h after feeding.
.3. Experiment 3
The diets presented similar compositions in CP, AHF, and CF, but the macroelement concentrations varied according to
he production batch (diets 1, 2, 4, 5 and 7 versus 3, 6, and 8) and the addition of a commercial salt mixture (Table 3). The
ood BEs ranged between −187 mEq/kg and +381 mEq/kg. No differences on food intake or fecal score were found (Table 5).
rine pH varied in the interval between 5.79 and 7.89 (P<0.001). The urine speciﬁc gravity and volume did not change
mong diets (P>0.05). The estimated urine pH of the cats by each evaluated formula is presented in Table 6. The comparison
f results, conducted using Student’s t-test, showed that the equations proposed by Yamka et al. (2006) and Kienzle and
ilms-Eilers (1994) overestimated urine pH, respectively, by 0.85 (P=0.0003) and 0.63 (P=0.002), but the results obtained
sing the experiment 2 formula and that proposed by Kienzle et al. (1991) did not differ from the measured values (P>0.05;
ig. 2).
ig. 2. Correlation between measured urinary pH of cats (n = 8) with those estimated by (A) the equation of experiment 2, (B) the formula proposed by
ienzle et al. (1991), (C) the formula proposed by Kienzle and Wilms-Eilers (1994) and (D) the formula proposed by Yamka et al. (2006). Bland and Altman
1986) comparisons of measured versus predicted urine pH. Solid horizontal lines represent mean differences between methods and dashed lines represent
he  limits of agreement (mean ± 1.96 SD).
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Table 6
Paired Student’s t-test between in vivo pH obtained for the eight diets used in experiments 3 and those estimated by formula generated in experiment 2 and proposed by Kienzle et al. (1991), Kienzle and
Wilms-Eilers (1994) and Yamka et al., 2006.
Diets (BEs) Measured
pH
Estimated by the equation
proposed on experiment 2
Kienzle et al. (1991) Kienzle and Wilms-Eilers (1994) Yamka et al. (2006)
pH Differencea Pb pH Difference P pH Difference P pH Difference P
1 (381) 7.89 8.05 −0.16 7.51 0.38 7.96 −0.07 8.16 −0.27
2  (248) 7.23 7.35 −0.12 7.24 −0.01 7.63 −0.04 7.87 −0.64
3  (196) 7.20 7.10 −0.10 7.14 −0.06 7.51 −0.31 7.72 −1.00
4  (169) 6.65 6.98 −0.33 7.08 −0.43 7.45 −0.69 7.65 −1.17
5  (115) 6.35 6.74 −0.39 6.97 −0.84 7.33 −0.70 7.52 −1.34
6  (9.3) 6.29 6.30 −0.01 6.74 −0.62 7.12 −0,83 7.23 −0.46
7  (−22) 5.83 6.18 −0.35 6.67 −0.84 7.06 −1.23 7.17 −0.97
8  (−187) 5.63 5.71 −0.08 6.33 −0.70 6.78 −1.15 6.74 −0.95
Mean  6.66 6.80 −0.14 0.086 6.96 −0.30 0.080 7.36 −0.63 0.002 7.51 −0.85 0.0003
Concordance
correlation
coefﬁcientc
0.942 0.650 0.529 0.395
Bias  correction factor
(accuracy)c
0.979 0.691 0.657 0.422
Mean absolute error 0.19 0.46 0.70 0.87
Root  Mean Square
Errors
0.23 0.51 0.85 0.94
a Difference between measured pH and estimated pH for each formulae, calculated as: difference = measured pH − estimated pH.
b P of the comparison among measured and estimated urinary pH, by the Student’s t test.
c Calculated according Bland and Altman (1986).
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Fig. 3. Correlations between food BEs (mEq/kg DM)  and blood gas parameters of cats. (A) Correlation between food BEs and venous blood pH
(blood  pH = 7.29 + 0.0001BEs + 0.00000003BEs2; R2 = 0.53; P=0.001; n = 17). (B) Correlation between food BEs and venous blood bicarbonate concentra-
t
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b
wion  (blood bicarbonate = 19.4 + 0.0083BEs − 0.000009BEs2; R2 = 0.78; P<0.0001; n = 17). (C) Correlation between food BEs and venous blood BE (blood
E  = −6.86 + 0.0097BEs − 0.000009BEs2; R2 = 0.77; P<0.0001); n = 17.
.4. Blood gas analyses
The venous blood pH values of the cats were within the normal range for felines (Dibartola, 2006), except for the cats
ed diets 1 and 2 in experiment 1 and diet 1 in experiment 3, which resulted in lower values for some traits. For the 1500 h
ampling, blood pH differed between the diets (P=0.005). This variation can be deﬁned by food BEs, as follows: venous blood
H = 7.29 + 0.0001BEs + 0.00000003BEs2 (R2 = 0.53; P=0.001; n = 17; Fig. 3A). At this same time of sampling, both venous blood
icarbonate (blood bicarbonate = 19.4 + 0.0083BEs − 0.000009BEs2; R2 = 0.78; n = 17; P<0.0001; Fig. 3B) and venous blood BE
blood BE = −6.86 + 0.0097BEs −0.000009BEs2; R2 = 0.77; n = 17; P<0.0001; Fig. 3C) were correlated with food BEs; low food
Es induced reductions in both traits. Cats fed diet 1 in experiment 1 and diet 1 in experiment 3 also presented reduced
icarbonate concentrations and blood BE, which were lower than the reference values for felines (Dibartola, 2006). Food BE
as not correlated with pCO2, sodium, potassium, or the chlorine concentrations of the cats’ venous blood (P>0.05).
J.T. Jeremias et al. / Animal Feed Science and Technology 182 (2013) 82– 92 91
4. Discussion
The present study conﬁrmed that the food cation and anion balance has a strong correlation with the urinary pH of
felines (Kienzle and Wilms-Eilers, 1994; Markwell et al., 1998; Wagner et al., 2006; Yamka et al., 2006). Acid–base balance
in cats is also closely correlated with the balance of food cations and anions. In experiment 1, the evaluated commercial
food stimulated diverse acid–base metabolic responses, and several diets did not promote adequate urine pH. A urine pH
range between 6.2 and 6.8 has been proposed as desirable for felines to avoid an increased risk of calcium oxalate or struvite
precipitations (Allen and Kruger, 2000).
Correlations among sodium intake, urine volume and the prevention of feline lower urinary tract disease were discussed
by Hawthorne and Markwell (2004). High sodium intake is effective in increasing urine volume, as also observed in the
present study. The amount of sodium per kg of diet, on a dry matter basis, that appears to be safe for cats is 11 g (Xu et al.,
2009); none of the commercial diets evaluated surpassed this amount. However, the real beneﬁt of the urine volume increase
induced by dietary addition of Na for the prevention of feline lower urinary tract disease is not clear. A better comparison
between the effectiveness of sodium increase and other methods to increase urine volume, such as the use of wet  diets
(Carcioﬁ et al., 2005), is required, including long-term studies.
The calculation of food BE was shown to be an adequate and valuable tool to evaluate and balance macroelements in dry
diets for felines. The mean difference of −115 mEq/kg observed between food BEs and BEaa can be attributed to the differences
in the sulfur content of the diets (mean of 3.1 g/kg for the nine diets) and in the sulfur content in the form of methionine
and cysteine (mean of 1.95 g/kg for the nine diets). Other dietary compounds found in feline diets, such as sodium bisulfate,
chondroitin sulfate, biotin, thiamine, and taurine, could possibly contribute to the remaining amount of sulfur, thereby
justifying the differences in the two procedures for food BE calculation. Considering that the addition of sulfur-containing
substances other than methionine and cysteine can vary consistently between formulations, the BE calculation procedure
using total sulfur appears to be better than using methionine and cysteine alone.
According to Bland and Altman (1986) procedure, the concordance correlation coefﬁcient between estimated and mea-
sured urine pH was higher for the formula proposed in experiment 2 (Fig. 2A), showing accuracy (bias correction factor) of
0.979 and estimation close to identity, and their bias was low (0.144 pH units; Fig. 2A1). Additionally, in comparison with
the other formula, the proposed equation presented the lowest MAE  and RMSE of the estimate. The formula from Kienzle
et al. (1991) presented greater bias than that for the equation in experiment 2 (0.303 pH units; Fig. 2B), and their con-
cordance correlation coefﬁcient and accuracy were lower (respectively, 0.650 and 0.691). The formula proposed by Kienzle
and Wilms-Eilers (1994) overestimated urine pH, and their bias was  high (0.700 pH units; Fig. 2C1). The formula proposed
by Yamka et al. (2006) presented the lowest concordance correlation coefﬁcient; all of their estimations were higher than
identity (Fig. 2D), the formula’s bias was high (0.850 pH units; Fig. 2D1) and its accuracy was  low (0.422).
Methodological differences could account for some of the observed discrepancies between estimations. Thus, in the
experiment of Kienzle and Wilms-Eilers (1994), daily urine pH was  greater than 6 for all of the diets and the average urine
pH was calculated from several individual samples collected during the day. Some samples collected during the postprandial
period presented elevated pH values and might have thus increased the ﬁnal daily mean. Yamka et al. (2006) measured the pH
of two urine samples during the day. They did not collect all of the urine produced in a 24 h period, as was done in the present
study. It is well known that circadian variations in urinary pH are important, especially during the postprandial period. As
a result, interpreting the pH value of only one or two urine samples, especially when the feeding time is not considered,
might not be the most accurate method for determining overall urine pH (Allen and Kruger, 2000). Additionally, pH follows
a logarithmic scale; the acidimetric mean of several values might not correspond to the value of the total composed sample
of the day.
Although the mean estimation of the formula proposed for Kienzle et al. (1991) presented low bias (0.3 units of pH), the
bias was larger with low urine pH (>0.8 units of pH for urine pH lower than 6.3) and should be considered for formulations
designed to induce urinary acidiﬁcation. One interesting observation is that all of the formulas tended to overestimate urine
pH. Even the formula derived from experiment 2 overestimated urine pH by 0.01 to 0.39 units. Accordingly, although this
calculation can help to predict many important effects of food on the body acid–base balance, it could have some limitations
that should be considered. It is possible that not the entire acid load produced in intermediary metabolism is related to
the food macroelement relationship, and the formulae also do not take into account differences in the absorption of certain
acidic and alkaline minerals. Because of these factors, the formula is a tool to help for food formulation, but it does not
preclude the need for in vivo urine pH measurements.
Venous blood was used to study the metabolic effects of diets diverse in mineral composition. Although some inaccuracies
could have occurred through the use of venous blood, cats present high resistance to arterial blood sampling, and the stress
generated by restraining the animals can also affect pH results, even if arterial blood were used (Coenen, 1992). Middleton
et al. (1981) compared the venous and arterial blood pH of cats under the same conditions and concluded that venous blood
pH is suitable for studying several metabolic acid–base alterations. Due to this conclusion, several other studies using cats
have also used venous sampling (Ching et al., 1989; Dow et al., 1990; Izquierdo and Czarnecki-Maulden, 1991; Kienzle &
Wilms-Eilers, 1994). The main differences between arterial and venous blood are lower pO2, higher pCO2 and slightly lower
pH in venous blood (Dibartola, 2006).
The consumption of commercial diets 1 and 2 in experiment 1 resulted, respectively, in acidemia (low blood pH)
and acidosis (reduced blood pH, blood BE, and bicarbonate concentration) with hyperchloremia. In experiment 3, the
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onsumption of experimental diet 1 resulted in reduced blood BE and bicarbonate. All these diets presented low food
Es values (<−84 mEq/kg), indicating that these diets presented a prevalence of anions over cations. To achieve cell mem-
rane equilibrium, excessive ingestion of anions promotes intestinal secretion of bicarbonate or results in concomitant
bsorption of hydrogen together with absorbed anions (Block, 1984). This situation favors a reduction in blood pH and
he consumption of the bicarbonate reserve to compensate for and to avoid the development of metabolic acidosis (Lee
nd Drobatz, 2003). Respiratory compensation in metabolic acidosis includes an increase in ventilation and a decrease in
CO2 in dogs and humans. Cats with experimentally induced metabolic acidosis did not show this compensation pattern
Ching et al., 1989; Fettman et al., 1992), which explains the absence of changes in pCO2 between diets in the present
tudy.
. Conclusions
The results of this study demonstrate the important inﬂuence of food cation and anion balance on the intermediary
etabolism of felines. The ingestion of macroelements alters the metabolism of the animal, resulting in the metabolic
daptation of the buffer systems. Change in urinary pH is only one of the consequences, and it might not be the most
mportant. Therefore, food BEs should be calculated and kept within an adequate range. After food BEs calculation, cats’
rinary pH can be estimated by the following formula: Urinary pH = 6.269 + (0.0036 × BEs) + (0.000003 × BEs2). To maintain
 cat’s urine pH in the interval of 6.4 to 6.6, the food BEs must be kept between 30 and 80 mEq/kg of food.
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